Experiments were conducted to determine the efficiency with which viable, morphologically normal bovine spermatozoa could be isolated using a discontinuous bovine serum albumin (BSA) gradient. In the first experiment, extended semen was layered on top of a BSA gradient (4% BSA over 10% BSA) contained in a 500-ml separatory funnel. When comparing 1,3, 5, 7, 14 or 21 • 109 spermatozoa applied to the gradient, the percentage of spermatozoa recovered from the lower third of the 10% BSA ranged from 2.9 to 18.5%. The greatest recovery was achieved when 1 • 109 sperm cells were applied. Increasing the number of spermatozoa applied to the gradient increased the percentage of spermatozoa remaining in the upper portions of the gradient. Motility of spermatozoa immediately after collection from the 10% BSA layer of the gradient was >90%, regardless of the number of spermatozoa applied. In a second experiment with freeze-thawed separated or unseparated spermatozoa, post-thaw motility (>60%) and acrosomal integrity (>85%) of separated spermatozoa (4 or 10% BSA layer) was greater (P<.05) than that of unseparated spermatozoa (38 and 66%, respectively). The discontinuous gradient excluded decapitated spermatozoa and spermatozoa with mid-piece and principal piece abnormalities from entering the lower layers. Sperm cells with head abnormalities were not separated. These data indicate that a population of spermatozoa with a high frequency, of viable, motile, morphologicallynormal bovine spermatozoa can be isolated using a discontinuous BSA gradient.
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I ntroduction
Many techniques have been designed to separate spermatozoa based on chromatin content or viability (Graham et al., 1978; Kiddy and Hafs, 1971) . Ericsson et al. (1973) reported a method for the isolation of human semen fractions rich in Y-chromosome-bearing spermatozoa that also provided an approach to improving semen quality. The method involved sperm penetration of a discontinuous gradient of serum albumin. Separation with the serum albumin gradient increased the proportion of Y-chromosome-bearing spermatozoa, as determined by quinacrine staining, and the proportion of motile, morphologically-normal spermatozoa in the lower fractions of the gradient (Ross et al., 1975 ; Dmowski et al., 1979; Singer et al., 1980; Wall et al., 1980 Wall et al., , 1983 Figure 1 . Diagramatic representation of fractions collected from a discontinuous BSA gradient in a globe-shaped separatory funnel.
the efficiency of recovery has not been thoroughly investigated. If albumin gradients are to be beneficial for separation of the large number of spermatozoa in bovine ejaculates, a separation system with greater capacity that does not compromise the quality of the separated spermatozoa must be developed. In addition, the efficiency of the separation system must be high, i.e., the wastage of quality semen must be minimized.
The following study was designed to evaluate the characteristics of bovine spermatozoa isolated using a discontinuous bovine serum albumin (BSA) gradient with a greater capacity than that described by Ericsson et al. (1973) . In the first experiment, increasing numbers of bovine spermatozoa were applied to the BSA gradient to evaluate the effects of the number of spermatozoa applied on the quality and number of spermatozoa recovered. In the second experiment, the ability of the gradient to isolate a population of viable, morphologically normal bovine spermatozoa with greater resistance to freeze-thaw damage was investigated.
Experimental Procedure
Exp. 1. Ejaculates from three bulls were split, equal numbers of spermatozoa from each ~Fraction V powder; Sigma Chem. Co., St. Louis, MO.
SCorning #6340; Amer. Sci. Prod. Co., McGaw, IL.
ejaculate were pooled, the pools were evaluated for percentage motility, and either 1, 3, 5, 7, 14 or 21 x 109 sperm cells extended in 26 ml of Tris buffer (.25 M Tris-hydroxymethyl-aminomethane, .07 M fructose, .08 M citric acid monohydrate, pH 6.8; 310 mosmol) were layered on a discontinuous gradient of 4% BSA (2.4 g BSAT/60 ml of Tris buffer; pH adjusted to 6.8) over 10% BSA (6.0 g BSA/60 ml Tris buffer; pH adjusted to 6.8) contained in a globe-shaped 500-ml separatory funnel s (figure 1). Three gradient separations (replicates) were conducted for each concentration of sperm cells applied to the gradient. The gradient was maintained at room temperature (21 to 24C) and after 1 h of sperm migration, six 20-ml aliquots and the remnants of the initial 26 ml were collected. Those seven aliq,.ots were identified as Fractions T, 1, 2, 3, 4, 5 and 6 (figure 1). Fraction 6 was the first aliquot collected from the bottom of the gradient, Fraction T, the last, The concentration of spermatozoa in Fractions T, 1 and 6 were determined (Deibel et al., 1978) and the percentage of progressively motile sperm cells was estimated using a phase contrast microscope (100• equipped with a heated stage (37 C).
The effects of the number of spermatozoa applied to the gradient on the percentage of spermatozoa recovered and the percentage of motile cells in Fractions T, 1 or 6 were evaluated by least-squares analysis of variance (Snedecor and Cochran, 1967 ). The statistical model included the initial motility of the applied sample as a covariate. Individual comparisons between numbers of spermatozoa applied or between fractions, were made using Tukey's studentized range test (Sokal and Rohlf, 1973) .
Exp. 2. An ejaculate containing 30 to 60% morphologically abnormal spermatozoa was collected from each of six bulls. Aliquots from each ejaculate were assessed for viability using an eosin-aniline blue vital staining procedure (Shaffer and Almquist, 1948) .
Using a split-ejaculate technique, semen was either extended (20% v/v egg yolk, 7% v/v glycerol, 73% v/v .1 M sodium citrate buffer) and frozen (control) or extended (1 • 109 cells/26 ml) and separated on the BSA gradient as described in Exp. 1.
Spermatozoa from each ejaculate were used in two gradient separations (replicates) and Fractions 3 and 6 (see figure 1) were recovered from each gradient. Those fractions were then diluted in 30 ml Tris-egg yolk buffer (20% v/v egg yolk) that had been clarified by passing it through a .45 /am-pore cellulose filter. Diluted fractions were cooled to 5 C over 1.5 h in a water bath. Following cooling, the diluted fractions were split equally, added to two 50-ml centrifuge tubes and centrifuged (630 x g) at 5 C for 10 rain to form a soft pellet. Supernatants were then recentrifuged (630 x g for 10 rain) and the pellets from the two centrifugations were resuspended and combined. Each sample was extended in Tris-egg yolk buffer, glycerolated (to 7% glycerol v/v), frozen and stored in liquid N:. Because the semen collections and separations were conducted at a commercial bull stud over 2 d, it was necessary to freeze and store the semen to provide adequate time for evaluation of separated and unseparated spermatozoa.
About 4-wk following freezing, six straws from each sample were thawed by immersion for 45 sec in 35 C water. Coded smears were prepared (by a third individual) and evaluated independently by two observers. The percentages of progressively motile sperm cells in each sample were estimated by observing two smears at 100x magnification using a phase contrast microscope equipped with a heated stage (37 C). Acrosomal integrity was determined by the presence of an intact apical ridge using differential interference contrast microscopy (Saacke and Marshall, 1968) . One hundred sperm cells were assessed from each of two smears.
Sperm cell morphology was evaluated using differential interference contrast optics (oil immersion). Two hundred cells were identified as either normal or abnormal. Each sample was evaluated twice. Abnormalities were categorized as the following: head abnormalities (tapered, pyriform, short, asymctrical, crater, abnormal acrosome, head abnormality with cytoplasmic droplet); decapitated (dissociation of head and tail); midpicce abnormalities (proximal, translocating or distal cytoplasmic droplets, bent, truncated) and principal piece abnormalities (coiled, bent).
Differences in the proportions of abnormal cells, the percentages of motile cells and the proportions of spermatozoa with intact acrosomcs were evaluated using least-squares analysis of variance (Sncdecor and Cochran, 1967) . The statistical model included ejaculates, separated (Fractions 3 and 6) and unseparated semen and gradient replications as main effects. Student's t-test (Snedecor and Cochran, 1967) was used to test differences between pairs of least-squares means from Fractions 3 or 6 and unseparated semen.
Results and Discussion
Increasing the number of spermatozoa applied to the BSA gradient in Exp. 1 affected the percentage of spermatozoa recovered from various portions of the gradient (P<.01; figure  2 ). As the number of sperm applied to the gradient was increased, more cells tended to remain in the upper fractions and a smaller proportion reached the lowest layer (number applied x fraction, P<.01).
Fraction 6, the bottom fraction of the gradient, was expected to contain a population of highly-motile spermatozoa and was of greatest interest. The proportion of the applied sample recovered from Fraction 6 was greatest when 1 x 109 sperm cells were applied to the gradient (figure 2). Application of greater numbers of spermatozoa resulted in a marked decline in percentage recovery. When 1 x 109 cells were applied, the percentage of spermatozoa recovered from Fractions T, 1 and 6 were similar (19.2%, 13.5% and 18.5%, respectively). When higher amounts of sperm were applied, Fractions T and 1 each contained a greater (P<.05) percentage of spermatozoa than Fraction 6.
Regardless of the number of spermatozoa applied, Fraction 6 contained a higher percentage of motile spermatozoa than Fractions T or Spermatozoa with an abnormal principal piece were excluded (P<.05) from both the 4% and 10% BSA layers of the gradient, but the ability to exclude cells with principal piece abnormalities varied (P<.05) among gradient replications. That variation may have been caused by the relatively low incidence (<4%) of principal piece abnormalities in the fresh semen.
The spermatozoa were examined for viability based on dye exclusion to assess whether abnormal cells were separated because of their viability or morphology. Because the majority of cells with midpiece (96%) or principal piece (60%) abnormalities were viable, they were probably excluded because of their abnormal flagellar motion. Most cells with an abnormal midpiece possessed translocating droplets. Either translocating droplets or abnormal principal pieces would influence the pattern of motility and limit the ability of the spermatozoa to migrate through the gradient. Ross et al. (1975) also noted that human spermatozoa with abnormalities affecting motility were most likely to be excluded from the lower layer of the albumin gradient.
The frequency of motile spermatozoa was greater (P<.05) in separated than unseparated thawed semen (table 1) . Concurrent with the enhancement of motile spermatozoa in separated semen was an increase (P<.05) in the percentage of freeze-thawed spermatozoa with intact acrosomes. This confirms the concept that the gradient isolates a population of viable cells rather than the contention that the motility of the cells is nonspecifically stimulated by BSA. The percentage of motile cells or cells with intact acrosomes in Fractions 3 and 6 did not differ.
The discontinuous BSA gradient developed for these experiments was designed to increase the separating capacity in contrast to that described by Ericsson et al. (1973) , and thus be a more practical system for bovine semen and the artificial insemination industry. We applied 20 to 420 times more spermatozoa to a single gradient than those researchers. Despite the increase in capacity, the gradient used in these experiments isolated a population of viable, morphologically-normal spermatozoa with higher prefreeze and post-thaw motility and greater post-thaw acrosomal integrity than unseparated semen. Those observations are similar to results of attempts to separate smaller numbers of human (Ericsson et al., 1973; Ross et al., 1975; Dmowski et al., 1979) or bovine spermatozoa (Wall et al., 1980 (Wall et al., , 1983 . Applying 1 x 109 spermatozoa to the enlarged gradient used in these experiments represents a more practical method for separation and recovery of motile, morphologically normal spermatozoa from bovine ejaculates.
